Toxoplasma gondii, a zoonotic protozoal parasite, is well-known for its global distribution and its ability to infect virtually all warm-blooded vertebrates. Nonetheless, attempts to describe the population structure of T. gondii have been primarily limited to samples isolated from humans and domesticated animals. More recent studies, however, have made efforts to characterize T. gondii isolates from a wider range of host species and geographic locales. These findings have dramatically changed our perception of the extent of genetic diversity in T. gondii and the relative roles of sexual recombination and clonal propagation in the parasite's lifecycle. In particular, identification of novel, disease-causing T. gondii strains in wildlife has raised concerns from both a conservation and public health perspective as to whether distinct domestic and sylvatic parasite gene pools exist. If so, overlap of these cycles may represent regions of high probability of disease emergence. Here, we attempt to answer these key questions by reviewing recent studies of T. gondii infections in wildlife, highlighting those which have advanced our understanding of the genetic diversity and population biology of this important zoonotic pathogen.
1. Background
Lifecycle
Toxoplasma gondii is an apicomplexan parasite and the most extensively studied of the tissue encysting coccidia, a group that comprises many species of human and veterinary medical importance, including members of the genera Sarcocystis, Neospora, Hammondia and Besnoitia. The T. gondii lifecycle involves an asexual stage in intermediate hosts and a sexual stage in a definitive host, which may be any species of domestic or wild cat (Dubey and Frenkel, 1972; Hutchison, 1965) . Cats are naturally infected through the oral route and, upon ingestion, T. gondii commences the sexual stage by differentiating into male and female gametes which fuse in the intestinal epithelium to form a fertilized oocyst (Dubey and Frenkel, 1972; Ferguson et al., 1974 Ferguson et al., , 1975a Ferguson, 2002) . Oocysts are then shed into the environment in the feces where they undergo meiosis during the process of sporulation, eventually producing eight haploid progeny that are enveloped in an environmentally stable infectious propagule (Dubey et al., 1970b; Ferguson, 2002; Frenkel et al., 1975) . Over the course of one to three weeks, a cat may shed millions of oocysts, which are highly infectious orally to intermediate hosts and, to a lesser extent, other definitive hosts (Dubey, 1996a (Dubey, ,b, 1998 (Dubey, , 2006 Dubey and Frenkel, 1972; Dubey et al., 1996 Dubey et al., , 1970a .
The intermediate host range of T. gondii is vast, inclusive of essentially all warm-blooded vertebrates, both avian and mammalian (Dubey, 2008) . When intermediate hosts ingest T. gondii, the parasite crosses the intestinal epithelium and differentiates into a rapidly dividing tachyzoite form which disseminates infection throughout the host (Dubey, 1998) . If the host survives this acute phase of infection, the chronic phase is initiated when tachyzoites differentiate into slowly dividing, semi-dormant bradyzoites that form tissue cysts, typically in muscle or neural cells (Dubey, 1997 (Dubey, , 1998 Dubey and Frenkel, 1976; Dubey et al., 1998) . Tissue cysts can persist for the life of the host and are orally infectious to definitive hosts through carnivory (Dubey, 2001 (Dubey, , 2006 Frenkel et al., 1970; Su et al., 2003) .
T. gondii is not, however, an obligately heteroxenous parasite and can propagate clonally, presumably indefinitely, by cycling among intermediate hosts. This can occur vertically through transplacental transmission from mother to offspring Elbez-Rubinstein et al., 2009; Hide et al., 2007; Innes et al., 2009; Miller et al., 2008a) , or, in rare cases during medical operations, horizontally through tissue transplant (Martina et al., 2010) . Tissue cysts are also orally infectious to carnivorous intermediate hosts, permitting the parasite to bypass the sexual stage in the definitive host (Dubey, 2001 (Dubey, , 2006 Khan et al., 2007; Su et al., 2003) . This trait, along with its widely inclusive host range, has often been cited as unique to T. gondii among the tissue encysting coccidia (Grigg and Sundar, 2009; Khan et al., 2007; Sibley and Ajioka, 2008; Sibley et al., 2009; Su et al., 2003) . However, many recent studies have shown that other tissue encysting coccidia, including Neospora caninum and Sarcocystis neurona, have much broader intermediate host ranges than originally thought, including both mammalian and avian species and predators and their prey (Cheadle et al., 2001; Costa et al., 2008; Dubey et al., 2001b,c; Gondim et al., 2010; Mansfield et al., 2008; Miller et al., 2009; Rejmanek et al., 2010; Wendte et al., 2010b) . Until more rigorous studies are completed, the possibility cannot be excluded that these related parasites also have an ability for carnivorous oral transmission among intermediate hosts.
Infection in the definitive host stage is also not always synonymous with sexual propagation. In the feline host, T. gondii readily differentiates into the asexual tachyzoite and bradyzoite forms, eventually developing into infectious tissue cysts just as in intermediate hosts (Dubey, 1997) . Moreover, initiation of the sexual pathway does not preclude clonal propagation, as T. gondii has been found to lack predetermined mating types, permitting a single genotype to form both male and female gametes that fuse to yield progeny nearly identical to the parent (Cornelissen and Overdulve, 1985; Pfefferkorn et al., 1977; Pfefferkorn and Pfefferkorn, 1980) . This process, termed selfing, has been shown to have important implications for the population biology and epidemiology of T. gondii and other tissue encysting coccidia (Vaudaux et al., 2010; Wendte et al., 2010a) , and will be discussed further below.
Disease
Major manifestations of T. gondii-induced disease in humans include encephalitic, ocular, and pneumatic toxoplasmosis (Montoya and Liesenfeld, 2004) . Based upon seroprevalence rates, it has been assumed that the majority of infections are asymptomatic, with disease mainly linked to congenital infection or an immune-compromised state such as AIDS (Montoya and Liesenfeld, 2004) . However, it is becoming increasingly appreciated that symptomatic disease can also occur in immune-competent individuals (Ajzenberg et al., 2004; Boothroyd and Grigg, 2002; De Salvador-Guillouet et al., 2006; Demar et al., 2007; Grigg et al., 2001b; Leal et al., 2007; Sacks et al., 1983) . Many factors are likely to influence whether or not disease occurs including dose, parasite stage initiating infection, parasite genotype, host genotype, and various factors influencing host immune status, especially concomitant infection with other pathogens.
Descriptions of toxoplasmosis in wildlife are generally limited to post-mortem analyses except for wellmonitored species such as endangered and captive or semi-captive animals. The clinical picture of toxoplasmosis in wildlife appears similar to that in humans, with lung, brain, and eye involvement prevalent in many cases, thus providing important parallels that have increased our understanding of human disease. Of particular concern are several reports of multi-organ involvement indicative of disseminated disease in rare and exotic species, perhaps signifying increased susceptibility in hosts that have only recently been exposed to this parasite through human activity. Several reports of toxoplasmosis in wildlife are summarized in Table 1 for the reader's reference.
Toxoplasma in wildlife

Molecular genotyping and population genetics
History
Several techniques for detecting and characterizing T. gondii genetic material either directly from infected host tissues or from parasites isolated via bioassay in mice, cats, or tissue culture have been developed. Here, we will discuss a subset of these techniques and their relative advantages and disadvantages as pertinent to the subject matter at hand. We refer the reader to a recent extensive review of molecular genotyping of T. gondii for further details . To adequately discuss the genetic characterization of T. gondii in wildlife, it will first be necessary to review the history of discovery and current viewpoints on the population genetic structure of this parasite.
The first picture of the T. gondii population structure came from isoenzyme and restriction fragment length polymorphism (RFLP) analyses (Darde et al., 1988 (Darde et al., , 1992 Sibley and Boothroyd, 1992) . Darde et al. (1992) used isoelectric focusing of six enzymes to show that 35 T. gondii isolates could be grouped into just 5 distinct zymodemes, with the majority of isolates (56%) comprising just one zymodeme. At about the same time, Sibley and Boothroyd (1992) used RFLP analysis of 27 samples at three loci to show that nine isolates that were virulent to laboratory mice comprised a distinct, identical genotype while a moderate amount of diversity was found in the remaining 21 samples. Clonality in the mouse virulent samples was confirmed with RFLP analysis of an additional seven loci Work et al. (2002) a Search terms used were: "Toxoplasma gondii", "mammal", "bird", and "wildlife" on ISI web of science and PubMed online databases. (Sibley and Boothroyd, 1992) . These RFLP findings were later expanded to encompass a larger sampling of 106 isolates spanning 3 continents and several host species. Using six RFLP markers, ∼84%, or 89 of 106 isolates were classified into just three clonal types (Howe and Sibley, 1995) . This apparently clonal population structure was especially striking since, in a few cases, samples from diverse parts of the globe were identical at all markers (Darde et al., 1992; Howe and Sibley, 1995; Sibley and Boothroyd, 1992) . These studies also prompted the conclusion that, despite presumably numerous opportunities for sexual recombination in widespread feline definitive hosts, productive sexual crosses only occur very rarely in nature (Howe and Sibley, 1995) . Closer examination of the data presented in the studies described above, however, suggest other explanations aside from a strictly clonal population structure. It is important to note that the Darde et al. (1992) and Sibley and Boothroyd (1992) studies shared nine isolates (9/62; approx. 30% of the total in each study). Moreover, of the 53 total isolates analyzed between the two studies, 47/53 (89%) were from either the US or France, 52/53 (98%) were from humans or domestic animals, and of these, 37/53 (70%) were from humans with congenital infections, AIDS patients, and/or humans with symptomatic disease (Darde et al., 1992; Sibley and Boothroyd, 1992) . Thirtysix of these 53 (68%) were again analyzed in the Howe and Sibley study (1995) , which also comprised mainly human samples (68/106, 64%) from the US or France. A sample set that is highly biased towards a certain host species, towards cases of disease, or both increases the likelihood of over-sampling particular genotypes, skewing the population structure in favor of apparent clonality (Feil and Spratt, 2001 ). Moreover, even if parasite genotypes do not segregate according to host species or virulence, oversampling of a few genotypes does not preclude an underlying population of diverse parasite genotypes with high rates of genetic exchange, as has been described for organisms with so-called 'epidemic' population structures (Feil and Spratt, 2001; Maynard Smith et al., 1993) . Epidemic here refers not exclusively to localized disease epidemics (though this is often the case), but instead to any circumstance where a particular genotype experiences enhanced clonal expansion relative to others in the population, at a local or global level, and is thus over-sampled (Maynard Smith et al., 1993) .
It is also possible that limitations in the discriminatory power of the markers used in these early studies missed much of the genetic diversity present. When Lehmann and colleagues applied higher resolution DNA sequencing analysis of loci, they identified increased levels of polymorphism among the genotypes of sixteen isolates, including twelve previously typed by the Howe and Sibley, 1995 study (Lehmann et al., 2000) . This study identified more allelic diversity among strains than that identified with RFLP analyses. Genetic diversity within the three clonal archetypes was also confirmed using high resolution microsatellite typing (Ajzenberg et al., 2002a, b; Blackston et al., 2001) . Ajzenberg et al. (2002a) found that among 83 archetypal isolates, mostly from human clinical cases, 72 distinct genotypes could be discerned using these highly polymorphic markers, highlighting their utility for distinguishing strains within clonal groups.
The re-analysis of previously typed strains also resulted in two important observations attesting to the importance of the sexual stage for T. gondii's population structure. First, linkage disequilibrium, while significantly present even when correcting for effects of a geographically and temporally diverse sample set (Ajzenberg et al., 2002a) , was not absolute across all loci, again supporting the notion that sexual recombination is a viable process in the T. gondii lifecycle (Ajzenberg et al., 2002a; Grigg et al., 2001a; Lehmann et al., 2000) . Second, independent gene tree analyses of each typing locus revealed for the majority of strains only two groupings, instead of three, and that some strains could be assigned to either one group or the other depending on the locus examined (Grigg et al., 2001a; Lehmann et al., 2000) . This suggested that members of the three clonal lineages defined by Howe and Sibley (1995) were actually sibling progeny of one or a few genetic outcrosses, a finding that was later confirmed by more extensive analyses (Boyle et al., 2006) . These findings revealed sexual recombination as a major force shaping the population structure of T. gondii, with important implications for the emergence of virulent strains (Grigg et al., 2001a) or strains associated with particular disease, for example ocular toxoplasmosis (Grigg et al., 2001b) . It also became apparent that genetic exchange is a critical factor to account for when performing phylogenetic analyses, as it greatly increases the potential for phylogenetic non-congruency between loci, even in instances of moderate to high linkage disequilibrium, thus leading to conflicting (Blackston et al., 2001; Lehmann et al., 2000) or poorly resolved (Ajzenberg et al., 2002a) genetic clusters.
A more diverse population structure was later confirmed as typing techniques with increased resolution were applied to isolates more representative of T. gondii's geographic distribution. Microsatellite typing of T. gondii isolates from humans and domestic animals in Brazil and French Guiana showed that many isolates comprise a genetically distinct population from that in the US and France (Ajzenberg et al., 2004; Lehmann et al., 2004) . The increased levels of genetic diversity (Ajzenberg et al., 2004) and lower levels of linkage disequilibrium detected in South American strains suggested that sexual recombination occurs more frequently in this population than in the US and France and, again, likely explains the poor phylogenetic resolution among these strains (Ajzenberg et al., 2004 ).
An apparently distinct and diverse gene pool in South America prompted additional studies from this area and others around the globe to gain a more comprehensive picture of genetic diversity in the T. gondii population. Su et al. (2006) developed a standardized RFLP typing scheme based on nine mostly unlinked nuclear genomic loci and one apicoplast marker to reveal a wide diversity of strains isolated from 28 domestic cats in Brazil. Importantly, this study confirmed that clonality is not the rule and re-classified many strains that were typed previously only at a single locus, SAG2, via the method developed by Howe et al. (1997) under the assumption that a single locus was sufficient to type strains in a highly clonal population. Khan et al. (2006) also typed several human clinical and domestic animal samples from Brazil using a combination of RFLP typing and DNA sequencing at a single locus to reveal additional diverse genotypes. This study employed phylogenetic analyses of the typing data and identified poor bootstrap support for several branches and conflicting groupings of strains based on RFLP and DNA sequencing data. This study did not support a truly clonal population structure, and one plausible interpretation was that the clouding of genetic histories was attributable to recombination (Khan et al., 2006) . RFLP analysis of additional human and domestic animal samples by Ferreira Ade et al. (2006) also revealed an admixture of archetypal alleles across loci, potentially indicating recombinant strains.
The increasing wealth of genetic data from diverse geographic locales facilitated several comprehensive reassessments of the global T. gondii population structure. Lehmann et al. (2006) analyzed 275 strains isolated from chickens, representative of North America, Central America, South America, Europe, Africa and Asia, using a combination of six microsatellite markers and one gene coding marker. Their results showed a diverse array of genotypes that could be assigned to four distinct subpopulations: two exclusive to South America, one found on all continents sampled except South America and one found world-wide (Lehmann et al., 2006) . Similar results were revealed in a smaller-scale study that used eight intron loci to describe the population structure of 46 isolates from North America, Europe, and South America, many of which were previously typed in studies discussed above (Khan et al., 2007) . This study also found evidence for structuring the T. gondii population into four subpopulations with the same geographic distribution as those found by Lehmann et al. (2006) . Importantly, the methodology employed here permitted assignment of different parts of an individual isolate's genotype to different populations, thus accounting for the likely event of admixture between populations in a parasite with a viable sexual cycle (Khan et al., 2007) . This revealed the intriguing result that nearly all genotypes showed some degree of admixture of two or more of the four ancestral populations (Khan et al., 2007) .
This study also further sub-grouped isolates into 11 haplogroups by clustering representative subsets of isolates using neighbor-joining phylogenetic analysis of concatenated sequences and by comparing the relative admixture profiles of individual genotypes. However, evidence for recombination between these groupings (Grigg and Sundar, 2009; Khan et al., 2007) indicates that concatenation was inappropriately applied as the robustness of these haplogroups breaks down if loci are examined individually. There were also large discrepancies between the similarities in admixture profiles within an individual haplogroup. For example, genotypes in haplogroups 1, 2, and 3 had essentially identical admixture profiles to other members of their respective groups, but genotypes in haplogroups 4 and 5 had admixture profiles that varied widely in the extent to which each ancestral population contributed (Khan et al., 2007) . It is unclear if these groupings represent static entities that can consistently be applied in future studies, or, rather, points on a continuum that will blend together as more isolates are described. The diverse admixture distributions present among isolates, though, do reveal how the genomic position of markers chosen for genotyping studies can profoundly influence how a certain genotype is perceived to be related to ancestral parent types and extant strains.
Specific geographic locales outside the US and Europe have also been the focus of recent studies. Pena et al. (2008) described 125 isolates from chickens, cats, and dogs from Brazil using 10 PCR-RFLP markers to reveal 48 genotypes, many of which were unique to this region. Importantly, this study showed that the three dominant clones identified by Howe and Sibley (1995) were present at very low frequencies or even absent (e.g. 'Type II') from this region, and genetic analyses revealed a highly reticulated network indicative of uncertain genetic histories consistent with recombination (Pena et al., 2008) . Additional unique Brazilian genotypes have been identified in similar studies of sheep and goats from this region (da Silva et al., 2011; Ragozo et al., 2010) . Also, in Africa, Mercier et al. (2010) typed 69 strains isolated from domestic animals (mostly chickens) from Gabon with 13 microsatellite loci to reveal 27 genotypes that could be structured into two populations. These results are consistent with those reported for African isolates by Lehmann et al. (2006) , but no previously described isolates were included to identify whether the populations described here were the same or novel.
Toxoplasma genotypes in wildlife
Most of the studies discussed above only sampled or analyzed strains from a small fraction (i.e. humans and domestic animals) of the host range utilized by T. gondii. It is telling, though, that a large majority of unique strains have been identified by studies of T. gondii in wildlife, advancing our understanding of the extent of genetic diversity in this species. Intriguingly, the few wildlife samples that were included in the Howe and Sibley, 1995 study (2 white tailed deer, 2 bear, 1 rodent, 1 turkey, and 1 dove) were genetically distinct from the three major clones, with some of them potentially representing recombinants of the three clonotypes (Howe and Sibley, 1995) . This suggested that a productive sexual stage for this parasite exists in nature and that wider sampling, more representative of T. gondii's broad host range, would reveal much greater genetic diversity. In several genotyping reports of T. gondii in wildlife this has proved to be true.
In North America, multiple genetically diverse genotypes have been identified circulating in wild animals. From a cougar in Canada, Lehmann et al. (2000) identified a genetically highly divergent strain (from archetypal Types I, II, and III identified in Howe and Sibley (1995) ) using DNA sequencing, and this result was later confirmed by RFLP typing with 10 markers (Dubey et al., 2008b) . This same RFLP typing scheme, originally reported in Su et al. (2006) , has been applied in other studies of terrestrial wildlife in the US and Canada to provide similar results. Eighty-one of the RFLP genotypes identified using this scheme have been classified according to a numbering system (i.e. RFLP genotype #1, #2, #3, etc.) on the public T. gondii genome database, Toxodb.org (Gajria et al., 2008) . We will refer to RFLP genotypes using this classification, except for strains of the Type I, Type II, Type III, and Type X (see below) lineages (Toxodb.org designated RFLP genotypes 10, 1, 2, and 5, respectively) which we will refer to with their traditional 'Type' nomenclature. Strains that have an RFLP type that has not been described on Toxodb.org will be referred to with their original isolate designation.
Of 31 total samples pooled from several North American studies, 16 were identified as non-archetypal, including 4/15 white-tailed deer, 2/2 bears, 1/2 skunks, 5/6 raccoons, and 4/6 coyotes (Dubey et al., 2008b (Dubey et al., ,d, 2010b (Dubey et al., , 2007c . Some of these distinct strains likely represent recombi-nants of the three main clonal types based on their allelic combinations, but this cannot be confirmed without further sequencing analysis, since this typing scheme was specifically designed to detect polymorphisms inherent to the archetypal strains (Su et al., 2006) . It is increasingly evident that apparent recombinants of the three archetypal lineages detected by RFLP analysis are often later re-classified by DNA sequencing as genetically distinct admixtures bearing many non-archetypal alleles (Boyle et al., 2006; Frazao-Teixeira et al., 2011; Grigg et al., 2001a; Khan et al., 2006; Su et al., 2010) .
Toxoplasma gondii has also recently been identified as an important disease agent in marine mammals in North America (see Table 1 for details). Genetic studies of marine mammal isolates have contributed greatly to our understanding of how this terrestrial pathogen has infiltrated the marine environment. Miller et al. (2004) applied a combination of RFLP analyses and DNA sequencing to show that a genetically distinct strain termed 'Type X' was a major cause of disease in Southern sea otters stranding along the Morro Bay area of California. These results were corroborated by application of the RFLP typing to an additional 39 sea otter isolates to independently show that 'Type X' was the major strain causing disease in sea otters of Morro Bay . This result was contrasted with T. gondii strains isolated from sea otters near Monterey Bay, CA that were mainly infected with 'Type II' strains or Toxodb.org designated RFLP genotype 3, which differs from 'Type II' at a single locus, Apico . This same 'Type X' genotype was later shown to be present in wild felid hosts in the adjacent terrestrial environment of California, as well as in a filter-feeding invertebrate collected near the shoreline (Miller et al., 2008b) . This study provided evidence for a mechanism through which this terrestrial parasite could infiltrate the marine environment via land-to-sea run-off and bio-concentration of oocysts in prey species of sea otters and other marine mammals (Miller et al., 2008b) . Toxoplasma gondii isolates from dolphins in the US (Dubey et al., 2008a) and Canada (Dubey et al., 2009a) have also been extensively PCR-RFLP genotyped, revealing two 'Type II' strains, one strain with RFLP genotype 3 (as designated on Toxodb.org), and one atypical genotype in four isolates analyzed. Overall, reports from wildlife in North America suggest diverse strains are circulating in this region despite apparent limited strain diversity in domestic animal and human samples (Howe and Sibley, 1995) .
Wildlife T. gondii isolates from other parts of the world have been genetically characterized as well. The standardized RFLP scheme has been applied to isolates from synanthropic rodents, including a seronegative mouse and rat (Araujo et al., 2010) , captive animals, including a red-handed howler monkey and a jaguarundi, and a freeranging black eared opossum (Pena et al., 2011) from Brazil to reveal they were all infected with non-archtypal strains, two of which had not been identified previously. Also in Brazil, an extensive RFLP analysis was completed on isolates from 36 capybaras that identified 16 total genotypes, seven of which were unique to this sample set (Yai et al., 2009) . Importantly, only five of the isolates could be classified as a classic archetypal strain ('Type III'). However, without DNA sequencing, definitive classification as an archetypal strain is not possible in regions where genetic diversity is substantial. It is quite possible that these strains will harbor non-archetypal alleles and ultimately be resolved as genetically distinct admixtures. Three of the 36 samples were found to be infected with a mixture of T. gondii strains (Yai et al., 2009) , which could promote the T. gondii sexual cycle in the definitive felid host. Genetic data has also been reported from the United Arab Emirates and Qatar showing two atypical and one classic 'Type II' genotype present in isolates from four sand cats (Dubey et al., 2010a) . The unusually high prevalence of symptomatic toxoplasmosis in this felid species raises interesting questions as to the universality of felids as functional definitive hosts, though several factors could be contributing to disease in these cases (Dubey et al., 2010a) .
This trend towards apparently increased genetic diversity from wildlife samples is not absolute, however, as recent studies of wildlife in France and Norway have reported high prevalence of archetypal strains, specifically the 'Type II' strain. From 45 French isolates, including 21 from wild boar (Richomme et al., 2009) , 12 from roe deer, nine from fox, and one each from mouflon, red deer and mallard (Aubert et al., 2010) , RFLP typed at three loci and microsatellite typed at six loci, only 'Type II' strains were identified. Similarly in the Svalbard archipelago of Norway, the majority of 55 total isolates from arctic foxes were either 'Type II,' 'Type III' or RFLP genotype 3 (Prestrud et al., 2008) . It is possible that the low levels of diversity in this instance could be attributed to a founder effect, given the isolated nature of this location (Prestrud et al., 2008) .
Genetic studies of T. gondii in Australia have been particularly limited, though interest in T. gondii in this area has risen due to recent reports of fatal disease in threatened marsupial fauna (Basso et al., 2007; Bermudez et al., 2009; Dubey and Crutchley, 2008; Hartley, 2006; Obendorf et al., 1996) . Efforts have accordingly been made to identify parasite genotypes circulating in this area. Parameswaran et al. (2010) applied PCR and DNA sequencing to identify eight different non-archetypal and two recombinant strains from a wombat, a wallaby, two woylies, a mouse, a meerkat (from the Perth Zoo), and eight kangaroo samples. Two of the kangaroo samples and one woylie possessed only archetypal alleles at the few loci amplified indicating these animals were likely infected by 'Type I' or 'Type II' strains, and one kangaroo harbored a mixed-strain infection (Parameswaran et al., 2010) . Non-archetypal or recombinant strains were also obtained from domestic animal samples (1 horse and 1 goat), along with classic 'Type I' strains (1 cat and 1 goat) (Parameswaran et al., 2010) . That the recombinant strains were truly recombinants was supported by the high resolution of DNA sequencing in this case.
Overall, aside from studies from certain locales in Europe there appears to be a high level of diversity present in wildlife isolates, including those from areas previously reported to be genetically homogenous, such as North America. Whether this is suggestive of a distinct sylvatic cycle for T. gondii is an important topic that will be discussed further below.
Population structure: reassessment
Considering the extent of genetic diversity and evidence for recombination present in wildlife samples, the picture that emerges for the population structure of T. gondii is more complex than a limited number of sexual events that have potentiated the emergence of just a few dominant clones (Khan et al., 2007; Sibley and Ajioka, 2008; Sibley et al., 2009; Su et al., 2003) . Certainly the dominance of a limited number of genotypes in certain sample sets and from widely geographically dispersed locales is truly remarkable, but it does not necessarily lead to classification as a clonal population (Ajzenberg et al., 2002a; Howe and Sibley, 1995; Tibayrenc and Ayala, 1991) . Based on the studies described above, the T. gondii population structure is in some cases highly clonal, in others it appears to be epidemic and overall, should be classified as intermediate, with clear influences from both clonal expansion of strains and sexual recombination (Lehmann et al., , 2006 . This would intuitively be the case for an organism with numerous mechanisms for clonal expansion in its lifecycle and a widespread host in which sexual recombination can occur. To what degree either clonal or sexual propagation can be detected in a sample set is dependent on several factors including: (1) the number and genomic location of genetic markers used, (2) the polymorphism present in the markers, (3) the resolution of the techniques used to detect polymorphism and (4) the host and geographic location of origin of the isolates.
To help illustrate these important points we re-analyzed the Howe and Sibley, 1995 RFLP data using the NeighborNet method with SplitsTree4 software (Huson and Bryant, 2006) . Though this method does not create a true phylogenetic history of genotypes, it has been applied in recent T. gondii genetic studies due to its advantages in visually capturing the character conflicts in nucleotide data between genotypes that have undergone evolutionary events such as genetic exchange (recombination), gene conversion, or homoplasy and are therefore better represented by a network of nodes connected by multiple edges rather than as a bifurcating tree (Dubey et al., 2008c; Pena et al., 2008) . First, we specifically input only those isolates that were members of the three clonal lineages, Types I, II, and III (essentially three data points) to illustrate the striking simplicity with which the vast majority (84%, 89/106) of the data can be described (Fig. 1A) . However, addition of the remaining samples (n = 106 total), including those from wildlife, transforms the display into a complex network indicative of many potential pathways relating the additional strains to the clonal types and vice versa (Fig. 1B) .
As was reported previously (Howe and Sibley, 1995) , implicating sexual recombination as the mechanism for convoluting relatedness among the genotypic data, opposed to events such as homoplasy, gene conversion, or other phenomena that can create conflicts in molecular data (Morrison, 2005) , is supported by comparing allele combinations across loci. In total, 8 of the 15 possible locus pair comparisons have at least one example of bi-allelic combinations compatible with a recombination (or at least reassortment) event in that all four expected combinations of alleles are present in the sample set (Fig. 2) . These data show evidence for recombination not only among the three main clonal types, but also between exotic strains (see SAG1 vs. 850 in Fig. 2 ). As noted above, a potential caveat to interpreting strains as recombinants of the 3 main clonal lineages with RFLP typing is that certain of these isolates have been found to harbor unique alleles at the loci in question upon further sequencing analysis (Boyle et al., 2006; Frazao-Teixeira et al., 2011; Khan et al., 2006; Su et al., 2010) . However, this is not consistently the case (Parameswaran et al., 2010) , and it is likely that at least a certain percentage of isolates are truly recombinants of either the archetypal clonal lines or archetypal and atypical strains. In fact, sequencing analysis of strain MAS, included in the 1995 study, confirmed that it harbored alleles that were likely the result of meiotic recombination (Grigg et al., 2001a) . In contrast, strain P89, originally classified as a I/III recombinant (Howe and Sibley, 1995) , was later found to likely represent one of the parent lineages that gave rise to the archetypal I, II, and III lineages (Boyle et al., 2006) . Intriguingly, when we analyzed more recent RFLP data pooled from the various studies of wildlife isolates discussed above, a somewhat different picture emerges (Fig. 1C) . Among the 147 isolates analyzed, 'Type II' and 'Type III' are still dominant clones, accounting for 42/147 (29%) of the samples. However, Type I strains are absent and other clones are found to dominate, including 'Type X' (23/147, 16%) and RFLP genotype 3 (28/147, 19%), which together account for more samples than Types II and III. The overall genotypic diversity is also greater, with 36 distinct genotypes present in the 147 wildlife isolates (0.24 genotypes per isolate) compared to 14 in the Howe and Sibley, 1995 data (0.13 genotypes per isolate), highlighting the effects a more encompassing sample set and more sensitive genotyping markers can have in changing perceptions of the genetic structure.
Until now, the consensus view of the global population structure of T. gondii based on recent studies in Europe, the Americas, Africa, and, to a limited extent, Asia (Khan et al., 2007; Lehmann et al., 2006; Mercier et al., 2010) was of a diverse array of genotypes derived from infrequent admixture among four ancestral populations and punctuated over time by recombination and clonal expansions (Sibley and Ajioka, 2008; Sibley et al., 2009) . The degree to which recombination or clonal propagation has been interpreted as shaping T. gondii's population structure has varied depending on the study and the samples analyzed, likely indicating that no study has truly analyzed a sample set fully representative of the T. gondii population. Indeed, many recent and unique strains described from both domestic animal and wildlife sources, such as those described in Brazil (da Frazao-Teixeira et al., 2011; Pena et al., 2008 Pena et al., , 2011 Ragozo et al., 2010; Yai et al., 2009 ), the US (Dubey et al., 2010b) , and Australia (Parameswaran et al., 2010) were not included in these previous global analyses (Khan et al., 2007; Lehmann et al., 2006) . In fact, in Brazil alone at least 88 unique genotypes have been reported based on RFLP typing (da Silva et al., 2011) and only a small fraction of these have been incorporated in studies mapping the T. gondii population genetic structure. A combination of increased sample sizes that are more representative of T. gondii's host range and of more extensive genetic data derived from each isolate will lead Howe and Sibley (1995) as one of the three main archetypal clones (Types I, II, and III) by 6 RFLP markers demonstrates the remarkable simplicity with which 84% (89/106 T. gondii isolates) of the isolates analyzed in this study can be described. (B) Input of the complete data set from Howe and Sibley (1995) (n = 106), including the limited number T. gondii isolates from wildlife, reveals an underlying complex population structure, despite the simplicity indicated in (A). The multiple edges connecting different nodes indicate the many possible pathways that can describe relationships between genotypes, some of which are likely indicative of recombination. (C) Analysis of 147 wildlife isolates typed with 11 RFLP markers by various studies* reveals a slightly different and more complex population structure than that presented in B, highlighting the importance of including a sample set more inclusive of T. gondii's expansive host range and utilizing typing schemes with higher resolution. Compared to (B), which includes mostly samples from humans and domestic animals, Type II and III strains are still revealed as dominant clones, but Type I strains are absent. Additional dominant clones are revealed in wildlife samples as well, including Type X. High genotypic diversity related through a highly reticulated network is again consistent with a viable sexual cycle for T. gondii in nature. (D) Analysis of 182 isolates from pigs in the US RFLP typed with 11 markers by Velmurugan et al. (2009) reveals a much more complex picture of the T. gondii population structure for domestic animals in the US than that originally reported in Howe and Sibley (1995) , reiterating the importance of more extensive genotyping. Similar to the wildlife samples, Types II and III are dominant clones and Type I strains are absent. Additional clonal types dominate as well, including RFLP genotypes 3, 4, and 8**. * Wildlife RFLP data was obtained from Araujo et al. (2010) , Dubey et al. (2010a Dubey et al. ( ,b, 2009a Dubey et al. ( , 2008a Dubey et al. ( ,b,d, 2007c , Pena et al. (2011 ), Prestrud et al. (2008 , Sundar et al. (2008) , Yai et al. (2009) . ** Numbers refer to RFLP genotype designations reported on Toxodb.org. Bootstrap values (1000 replicates) are only shown for those edges with greater than or equal to 80% support. The distance measure used was uncorrected P. Note: Samples with mixed strain infections or incomplete typing data were removed from the wildlife data set.
to further and potentially extensive revisions of the current consensus.
Sylvatic and domestic cycles: do they exist?
The high diversity in T. gondii genotypes isolated from wildlife samples as compared to those from domestic animals raises the question as to whether distinct gene pools exist for domestic and sylvatic hosts. The relevance of this question derives from concern that when distinct parasite gene pools overlap, most likely due to human environmental encroachment, disease outbreaks may occur in either human/domestic animal or wildlife populations due to exposure of hosts to novel parasite genotypes (Bengis et al., 2004; Cleaveland et al., 2001; Daszak et al., 2000; Thompson et al., 2009 ). Unfortunately, no sampling efforts or genetic analyses of T. gondii have been systematically applied in a way that would allow for rigorous comparison of domestic and sylvatic gene pools. It is possible that wildlife samples are perceived to be more genetically diverse than domestic samples because: (1) more extensive and sensitive typing has been applied to the more recently acquired wildlife isolates and/or (2) a highly clinically biased sample set has been used repeatedly in multiple studies to represent strains in domestic animals and humans.
We have compiled some recently reported data to help illustrate factors that likely will need to be accounted for when addressing this complex but important question. First, it is evident that genotype prevalence can vary both Fig. 2 . Bi-allelic analysis for recombination among Toxoplasma gondii isolates. Lines connect allelic combinations present in the RFLP genotypes reported by Howe and Sibley (1995) to describe 106 T. gondii isolates. Bold lines indicate the hour glass shape expected when all four combinations of alleles that would be expected after a recombination (or reassortment) event are present in the isolates. Bi-allelic combinations that did not show evidence for recombination include: SAG1 vs. SAG2, SAG1 vs. ROP1, SAG2 vs. 850, SAG2 vs. ROP1, 850 vs. ROP1, 850 vs. L328, and ROP1 vs. L328 (not shown).
between host species and over geographic distributions. It has been noted previously that parasite genotype distributions differ between humans and domestic animals (Howe and Sibley, 1995) , which is an important factor in determining which host species should be used to represent the domestic cycle. Additional evidence for this emerges when we re-analyze recently reported RFLP data for 182 isolates from pigs in the US (Velmurugan et al., 2009 ) using the SplitsTree4 software as described above. Comparing the network generated for the pig isolates (Fig. 1D) to that for the data reported in the Howe and Sibley, 1995 study (Fig. 1B) , in which the domestic cycle was largely represented by human isolates, reveals some important differences. "Type II' and 'Type III' are also dominant clones in the pig population, but, in contrast to the human population, 'Type I' strains are absent, confirming what was reported originally (Howe and Sibley, 1995) . It is also notable that other clones absent from the human sample set, including RFLP genotypes 3, 4 and 8, are quite prevalent in these pigs, but this difference may be attributable to the higher resolution typing applied to the pig sample set. Overall, the distribution of dominant clones in the pig data is more similar to that in the wildlife sample set (Fig. 1C) , but differences exist here as well, including the greater number of unique genotypes and the increased prevalence of 'Type X' strains (largely due to sea otter samples) in the wildlife data.
Geographic effects can also play a role in shaping our perception of which parasite genotypes are associated with which host species. This is certainly the case on a global level (e.g. North vs. South America), but has been noted on more local levels as well. For example, in Gabon, Mercier et al. (2010) provided evidence for distinct T. gondii populations between chickens acquired in different towns, which ranged from 105 to 510 km distant. As mentioned above, Sundar et al. (2008) also found distinct strain compositions between the sea otters of Monterey Bay and Morro Bay, California, which are separated by approximately 200 km. Similarly, when we re-examined the pig isolate data reported by Velmurugan et al. (2009) with pig genotypes classified by state of origin, different proportions of genotypes were found in different geographic sub-groupings (Fig. 3) . Fig. 3 . RFLP genotype distribution among pig samples from the US. Colored blocks indicate the proportion of T. gondii isolates from pigs from various states in the US that are accounted for by RFLP genotype numbers 1-5, 7, and 8 (numbers refer to those reported on Toxodb.org). Markedly different genotype distributions from an identical host species among the 4 states illustrates the importance of geographic effects on strain prevalence. Pig RFLP data is from Velmurugan et al. (2009) . Note: Isolates not typed at all loci were removed from the analysis. IO, Iowa; MA, Massachusetts; MD, Maryland; PA, Pennsylvania. In contrast to these data, however, Lehmann et al. (2004) found no difference measured by the F st statistic between chicken isolates from two locations over 600 km apart in Brazil, perhaps indicating more expansive transmission in this region. Brazil is also one of the few locations where recent sampling efforts have identified a significant number of wildlife and domestic animal isolates with a comparable typing scheme in a localized area. In the state of Sao Paulo, a standardized RFLP typing scheme has been applied to isolates from 36 capybaras (Yai et al., 2009 ), 19 dogs (Dubey et al., 2007a , 44 cats (Pena et al., 2008) , 16 sheep and 10 goats (Ragozo et al., 2010) . Using the capybara samples as representative of wildlife, we compared the proportions of shared genotypes between wildlife and domestic carnivores (cats and dogs) (Fig. 4A) and between wildlife and domestic herbivores (sheep and goats) (Fig. 4B) . In both cases there were several genotypes that were unique at the host species level, but comparing capybaras to domestic carnivores revealed that 22 out of the 33 genotypes identified in capybara samples (mixed infections excluded) were also found in the domestic animal samples in contrast to only five isolates sharing genotypes with domestic herbivore samples ( Fig. 4A and B) . Though it is unclear whether these results could be attributed to geographic differences within the state of Sao Paulo, they do give weight to the notion that defining the T. gondii population circulating in domestic animals could be highly dependent upon which host species are chosen to represent the domestic cycle.
Overall, it is unclear to what extent distinct T. gondii gene pools exist between domestic and sylvatic cycles. It is likely that the answer to this question could vary with geographic location and host species chosen to define the respective cycles. Another potential caveat is variation in parasite genotype frequency over time. A systematic longitudinal sampling and genotyping effort across several host species over an urban to rural gradient in diverse geographic locations would do much to help address these concerns and provide more definitive conclusions.
Conclusions and future directions
The most important conclusion that can be drawn from recent genotyping efforts of T. gondii isolates from wildlife is that the so-called 'exotic' or 'atypical' strains are not insignificant anomalies in the population structure of this parasite, but rather important members of the gene pool that provide a much better representation of the vast host range utilized by this parasite. There are clearly genotypes that dominate in the T. gondii population in addition to the originally identified Types I, II, and III, even in areas previously thought to contain only these original genotypes, such as North America. Future efforts to define the genetic structure of this parasite should incorporate these newly found complexities while realizing that this will likely lead to refinement of many pre-conceived notions of simplicity in Toxoplasma population genetics.
It will also be important to gather empirical and experimental evidence for the inferences drawn from these new genetic studies of T. gondii. This is especially true for the (1) Genotypes found in all three species (ALL3); (2) Genotypes found in cats and dogs only (CATS/DOGS); (3) Genotypes found in cats and capybaras only (CATS/CAPYS); (4) Genotypes found in dogs and capybaras only (DOGS/CAPYS); and genotypes that were unique to (5) Cats (CAT U); (6) Dogs (DOG U); and (7) Capybaras (CAPY U). Results show that many of the isolates possessed genotypes that were unique to their respective species of origin within this sample set, though nearly half of the isolates possessed a genotype found in all three species. Only 11 of the 33 total isolates from capybaras possessed a genotype that was not also found in a domestic carnivore. B. The same analysis was conducted to compare the capybara sample set to domestic herbivores, represented by sheep and goats. In contrast to the domestic carnivore comparison, nearly all the capybara isolates (28/33) possessed a genotype that was not found in domestic herbivores. All isolates were obtained from animals from Sao Paulo state, Brazil. Capybara data was from Yai et al. (2009) , cat data from Pena et al. (2008) , and dog data from Dubey et al. (2007a). debates over the extent to which clonal expansion and sexual recombination occur in nature and over the mechanistic basis for how certain clones come to dominate in the population structure. As discussed above, there are many potential caveats in extrapolating from a clonal sample set to conclude that a population is clonal in nature (Feil and Spratt, 2001; Maynard Smith et al., 1993) . Likewise, the extent of recombination can be over-estimated depending upon the sampling techniques used (Awadalla, 2003; Prugnolle and De Meeus, 2010) . Given the vast and widespread population of definitive felid hosts (approx. 90 million in the US alone (Dabritz and Conrad, 2010) ), it is very likely that a frequent and productive sexual cycle exists for this parasite, despite a predominance of cer-tain clones. Support for or against this possibility could be gained by attempting to determine the extent of coinfections in future sampling efforts, especially those which represent prey species of felids, because a simultaneous infection of two or more T. gondii strains is necessary for a productive cross to occur. In this regard, it is worth noting that the number of studies that have reported at least some mixed strain infections in a wide variety of hosts, including cats, has increased greatly since more sensitive genotyping techniques have been applied (AlKappany et al., 2010; Aspinall et al., 2003; Boughattas et al., 2010; Dubey et al., 2007b Dubey et al., , 2009b Dubey et al., , 2006a Dubey et al., ,b,c, 2005 ElbezRubinstein et al., 2009; Lindstrom et al., 2008; Mercier et al., 2010; Parameswaran et al., 2010; Ragozo et al., 2010; Sundar et al., 2008; Yai et al., 2009) . This is in spite of the fact that the majority of studies still obtain isolates through bioassay, a technique that has been shown to preferentially isolate certain strains over others (Lindstrom et al., 2008) , and only test tissues from a single organ, even though evidence exists that different strains localize to different organs (Dubey, 1997; Saeij et al., 2005) . Techniques now exist that provide the sensitivity needed to allow extensive parasite genotyping directly from multiple host tissues to adequately address this question (Opsteegh et al., 2010) .
Another possibility would be to directly test oocyst samples for multiple genotypes using these more sensitive typing techniques. It would also be of great benefit to experimentally verify whether a mixed strain infection in a single intermediate host is necessary for outcrossing in the felid host, or if consumption of multiple, singly infected prey over the course of the one to three week patent period of oocyst shedding would suffice. For studies of T. gondii infections in wildlife, it is also highly relevant to determine sources of infection and examine whether differences exist between domestic and wild felid species in their fecundity and ability to promote sexual outcrossing and/or self-mating for T. gondii. Clearly there is still much information to be gathered that could shape our perception of the likelihood and frequency of productive sexual crosses in nature.
Regardless of the ambiguities surrounding the extent of sexual recombination in the T. gondii population, it is undeniable that certain clones have expanded and persist in both domestic and wildlife populations over time. How and why this has occurred has been the focus of several studies over the past decade due to concerns that the mechanistic basis of clonal expansion may represent a threat for the emergence of virulent genotypes. Of the many mechanisms that exist in the T. gondii lifecycle for clonal propagation, it was originally proposed that the three archetypal strains, Types I, II, and III (Howe and Sibley, 1995) , were unique among T. gondii strains in that they had recently acquired the ability for enhanced oral transmission of tissue cysts among intermediate hosts, thus allowing for clonal transmission that bypassed the sexual stage in the definitive host (Su et al., 2003) . This hypothesis was based on limited laboratory studies and showed that tissue cysts from a small sample (3 isolates) of non-archetypal strains had greatly reduced oral transmission among laboratory mice compared to Types I, II, and III (Su et al., 2003) . However, with additional sampling, it has since been shown that virtually all isolates of T. gondii, even rare genotypes, are capable of oral transmission among intermediate hosts (Khan et al., 2007) , suggesting this trait may not be solely responsible for the global dominance of certain genotypes.
A case has also been made suggesting that vertical transmission, either transplacentally or through ingestion of milk, may play an important role in maintaining clonal dominance of certain strains in nature (Johnson, 1997) . This hypothesis was advanced based upon knowledge of the presumably important role transplacental transmission plays for infection with the related parasite, N. caninum, in domestic cattle and dogs (Johnson, 1997) . Numerous studies have demonstrated that T. gondii is capable of vertical transmission in a variety of hosts, including humans, but few have examined the possibility that strict vertical transmission is maintained over several generations in natural host populations. High prevalence of Toxoplasma in certain hosts that are geographically isolated from definitive felid hosts, such as the arctic fox populations mentioned above (Prestrud et al., 2008) , are intriguing scenarios to speculate whether vertical transmission is important, but evidence has yet to be gathered to support this hypothesis. Much remains to be done to delineate the relative roles of vertical versus oral, carnivorous transmission in maintaining clonality in nature.
Given the much greater infective potential inherent to the definitive host stage (a single infected cat can shed hundreds of millions of oocysts into the environment (Dubey, 2001 )), we recently tested whether self-mating during this stage was a viable mechanism for the expansion of a single genotype in nature. We extensively genotyped oocyst samples recovered from a reservoir linked to a waterborne T. gondii outbreak in humans in Brazil and demonstrated that they were an identical genetic clone (Wendte et al., 2010a) . Combining these results with serologic typing evidence from infected people (Vaudaux et al., 2010) confirmed that the outbreak, which was attributed to ingestion of oocyst contaminated water, was indeed clonal and apparently the result of a selfing event in a felid definitive host (Wendte et al., 2010a) . Since well over a hundred people were affected by this outbreak, this result demonstrated the major role selfing in the definitive host can play as a potential mechanism for clonal expansion of a disease-producing genotype in nature as compared to vertical transmission or oral transmission via carnivory (Wendte et al., 2010a) . Importantly, self-mating was also the cause of a devastating clonal outbreak of the related parasite S. neurona that caused a point-source mass mortality event in a threatened Southern sea otters due to oocyst/sporocyst contamination of waterways; a result that expands the explanatory scope of selfing as a mechanism of clonality to other tissue cyst coccidia (Wendte et al., 2010a) .
The genetic basis for the expansion of certain clones has also been proposed in population genetic studies. The archetypal clones have been associated with certain alleles for the rhoptry kinase protein, ROP18, associated with virulence in the mouse model ) and a monomorphic chromosome Ia (Khan et al., 2007) , leading to the conclusion that these loci may contribute to the success of these clonotypes in nature. Fortunately, the identification of a genetically distinct, dominant clone cir-culating in wildlife, 'Type X' (see Fig. 1C ), should allow future comparative genomic analyses to further refine potential candidate genes accounting for the success of certain genotypes to carry forward in experimental studies.
Notably, while this manuscript was under review, a study was published further characterizing many 'Type X' and apparently 'Type X-like' strains at five intron and 3 antigen loci with a variety of phylogenetic and population analyses techniques (Khan et al., 2011) . This study grouped 'Type X' and many closely related strains into a new 'haplogroup 12' according to the previously published methodology of Khan et al. (2007) . Similar to our discussion above of the 2007 study, close examination of the data reveals that consistent delineations between certain haplogroups break down to varying degrees depending on the analysis technique used (Khan et al., 2011) . In fact, inconsistent delineations between 'haplogroup 12' ('Type X') and 'haplogroup 2' ('Type II') due to a bi-allelic inheritance pattern at many of the loci analyzed led to the conclusion that 'haplogroup 12' ('Type X') strains are the result of a cross between 'Type II' and a distinct ancestral type (Khan et al., 2011) . This intriguing conclusion again speaks to the importance of the sexual cycle in the T. gondii population structure as a mechanism for the emergence of new strains that can go on to dominate clonally. It is also telling that what were once considered minor (and sometimes insignificant) genetic differences by RFLP and other typing schemes among 'Type X' genotypes compared against 'Type II' genotypes were indicative of major genomic level diversity. As the field moves forward with much more extensive, whole-genome level analyses, it is likely that several strains once thought to be identical clones will be found to be comprised of multiple, diverse genetic backgrounds.
In many ways, genotyping studies of T. gondii in wildlife have caused researchers to re-consider established viewpoints of the population genetic structure and relative roles of the various lifecycle stages in shaping the population biology of this important zoonotic pathogen. Yet much work remains to be done to uncover the extent and implications of the parasite genetic diversity circulating in wild animal populations and the degree to which sylvatic and domestic cycles are synonymous or distinct. Future studies addressing these issues will be highly relevant to efforts aimed at minimizing disease in both wild and domestic populations.
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